Parametric Study of a Stochastic Method for Trailing-edge Turbulence Generation for Aeroacoustic Applications by Kadar, Ali Hussain et al.
  
THE INTERNATIONAL CONFERENCE ON 
WIND ENERGY HARVESTING 2017
 20‐21 April 2017 
Coimbra, Portugal 
   
Paper A4F.13 
 
 
PARAMETRIC STUDY OF A STOCHASTIC METHOD FOR TRAILING-EDGE 
TURBULENCE GENERATION FOR AEROACOUSTIC APPLICATIONS. 
 
A.H. Kadar 1 
Siemens PLM Software 
Leuven, Belgium 
P. Martinez-Lera 1 
Siemens PLM Software  
Leuven, Belgium 
 
M. Tournour 1 
Siemens PLM Software  
Leuven, Belgium 
 
W. Desmet2 
               K.U. Leuven  
Leuven, Belgium 
 
 
ABSTRACT 
The aerodynamic noise generated from wind turbines is a growing concern with the ever increasing size of 
the turbine blades. The aerodynamic noise prediction is frequently based on unsteady CFD simulations, 
which can be expensive for the Reynolds numbers that are characteristic of wind turbines. The Random 
Particle-Mesh (RPM) method which is a stochastic approach to reconstruct the aerodynamic sources of 
sound in time domain from a solution to the averaged flow equations (RANS) is a promising alternative to 
high-fidelity unsteady CFD simulations. Since, trailing-edge noise constitutes a significant source of noise 
emitted by wind turbines, in this work the RPM method is applied to generate trailing-edge turbulence. The 
method is applied to a relatively simple Controlled-Diffusion airfoil geometry in 2D. Due to the stochastic 
nature of the method the choice of the simulation parameters has a significant impact on the statistics of  
the reconstructed turbulence.  In the final paper a parametric study of the stochastic method will be 
presented with an aim to gain deeper understanding of the method and to propose guidelines for higher 
accuracy and lower computational cost. 
 
NOMENCLATURE 
CAA = Computational Aeroacoustics 
CFD = Computational Fluid Dynamics 
RPM = Random Particle-Mesh Method 
RANS           = Reynolds-Averaged Navier-Stokes 
 
I. INTRODUCTION 
The increasing aerodynamic noise level from large scale wind turbine blades is now a growing concern 
due to the close proximity of wind farms to human settlements. Research has shown that noise from wind turbines 
increases the risk of annoyance and disturbed sleep and possibly even psychological distress [1]. Therefore it is 
important to estimate and mitigate wind turbine noise when planning future wind farms. 
 
The aerodynamic noise generated from a wind turbine is due to the interaction of the incoming turbulent 
flow with the surface of the turbine blade. There are several aerodynamic noise generation mechanisms from wind 
turbines that have been identified in the literature [2], including low-frequency noise, inflow turbulence noise and 
airfoil self-noise. The most prominent source of noise arising from horizontal axis wind turbines is the airfoil self-
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noise or blade trailing edge noise [3, 4]. The blade trailing edge noise is due to the conversion of local flow 
perturbations in the turbulent boundary layer into acoustic waves through interaction with the acoustically thin 
trailing edge. 
 
A widely used method to predict trailing-edge noise is the so called hybrid approach wherein the computational 
domain is decomposed into different regions namely the source region and the acoustic propagation region. In the 
source region the transient flow field is first computed using high-fidelity numerical simulation tools like DNS, 
LES or DES (Detached Eddy Simulation). The transient flow field obtained is then used as a basis to define 
equivalent sound sources using the acoustic analogy’s available in literature. It is found that the hybrid CAA 
techniques with flow input from LES shows accurate noise predictions [5, 6], it remains however very expensive 
for industrial applications. 
 
It is possible to accelerate the computation of the hybrid approach by replacing the expensive CFD stage by 
Stochastic reconstruction approach for generating the turbulent fluctuations. In this framework the Random 
Particle-Mesh (RPM) method developed by Ewert et. al. [7-11] was introduced recently as a fast and efficient 
approach to set up fluctuating sound sources in the time-domain. The main idea here is to synthesize a turbulent 
field by filtering a random stochastic field. The filter is expressed in terms of the energy spectrum and controls the 
spatial properties of the synthetic turbulence. The generated turbulent flow field is not an exact solution of the flow 
equations but reproduce very accurately several key features of the sound sources, such as the energy spectrum, 
the correlation length and the time scales as provided by a RANS simulation of the time-averaged turbulent flow 
field. The stochastically reconstructed sources can then be used in conjunction with an acoustic solver for 
calculating the acoustic propagation. 
 
The present work is inscribed in the line of stochastic reconstruction approach for synthesizing turbulent 
fluctuations around the trailing edge of an airfoil. The outline of this paper is as follows: Section II. presents the 
theoretical background of the RPM method for aeroacoustic applications, section III. describes the methodology 
illustrated using the Valeo CD airfoil test case and section IV. and section V. presents some preliminary results and 
conclusions respectively. 
 
II. THEOREICAL BACKGROUND 
Aeroacoustic analogy's governing the propagation of flow generated sound can be formally expressed in 
the form ������, �� � �����, ��, where � is the acoustic propagation operator, �� is the acoustic pressure fluctuation 
and �� is the source term. The far-field noise caused by the source term �� is unambiguously defined by the two-
point cross-correlation of the source (Ewert et. al. [7]) given by  
 ���������, ������, ��, ��� � 〈��������, ���,���������, ���〉. 
 
A filter based method able to synthesize turbulent velocity fluctuations with the desired two-point cross-correlation 
has been developed by Ewert et. al. [7-11] and is known as Random Particle-Mesh (RPM) method. The method 
can be applied in conjunction with an acoustic analogy when the source term �� can be expressed as a linear 
function of velocity fluctuations. 
 
Building upon the work of Ewert et. al. a purely Lagrangian approach to the RPM method was proposed by Dieste 
[12] The method is able to generate two-dimensional, locally homogeneous, isotropic and evolving turbulence. In 
the present work the RPM solver [13] based on the Lagrangian approach of Dieste is used for generating trailing-
edge turbulence. 
 
In the framework of the Random Particle-Mesh method the turbulent fluctuations are stochastically generated by 
spatially filtering convected white noise. In Dieste's approach the discrete realization of the convected white-noise 
is by means of Lagrangian particles distributed over the source domain and convected by the RANS mean flow. 
The method requires as input statistical properties of turbulent flow such as the distribution of turbulent kinetic 
energy, integral length and time scales of turbulence. In addition the spatial filter is derived by prescribing a model 
for the turbulence energy spectrum such as Gaussian, Von Karman or Liepmann [12] model spectrum. 
 
The velocity fluctuations obtained by spatially filtering convected white-noise are given by (for detailed derivation 
refer to Dieste et. al. [12]) 
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 �́	��, �� � 	�����, �����, ᴧ�����	���t, ��	����  
 
where � �	� � �0,0,�� is defined by the prescribed Gaussian filter G expressed as: ���� � 	�2�� 	������ᴧ�  
The filter � is a function of the turbulent kinetic energy (�) and integral length scale (ᴧ). The velocity fluctuations �́	��, ��	 at an observer point	can be obtained by summing over all the N random particles in the source domain on 
which the white noise field ��is defined. The strength of the random particle at each time can be obtained using 
the Langevin equation in the Lagrangian frame given by: �������� � 	� ������� �	��� 	�����  
 
where ��and �� are zero-mean Gaussian distribution with variance determined by the density of particles. The 
exponential time correlation of turbulence is prescribed by the Langevin equation which is numerically integrated 
using higher order Runge-Kutta time integration schemes. 
 
In 2-D the RPM domain is defined as a rectangle enclosing the source region. The dimensions of the rectangle are 
defined by the maximum distance from the source region where the random particles still contribute significantly 
to the velocity fluctuations. The RPM domain, grid size ������ and no of particles (�) are estimated based on 
distribution of the turbulent kinetic energy and the integral length scale of turbulence. The sampling time (���) 
and the number of samples ���� required to accurately reproduce the RANS statistics are determined by the 
integral time scale of turbulence ���. The choice of these parameters has an impact on the statistical behavior of 
the generated turbulence and there are guidelines available in literature [14] to determine them. 
 
III. METHODOLOGY 
In the present work the stochastic reconstruction method is applied to the low-speed controlled-diffusion 
(CD) airfoil derived from the Valeo automotive cooling module. The schematic of the CD airfoil is shown in Figure 
1. The airfoil has a chord length (CL) of 0.134 m and a span length (L) of 0.3 m. 
 
 
Figure 1. Schematic of the Valeo CD airfoil 
 
 
The Valeo CD airfoil has been thoroughly investigated both experimentally [15,16] and numerically [17,18,19]. It
is therefore a good representative test case for assessing the stochastic reconstruction approach in the context of 
trailing-edge turbulence generation for aeroacoustic applications. In this work the stochastic method is applied to 
the CD airfoil geometry in 2D and therefore the statistics of the reconstructed fluctuations can only be compared 
with the RANS statistics but cannot be compared with the LES numerical results available in 3D [19,20]. This will 
be accomplished as part of the future work. 
 
The configuration considered in the present work is the Valeo CD airfoil at an angle of attack � =  8� with 
free stream velocity �� � 16	�/� which corresponds to the Reynolds number ��� � 1.6	�	10�	based on the 
chord length. The RANS computational domain and mesh are shown in Figure 2. The size of the computational 
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domain is 4�� in the stream wise direction and 2.5��in the transverse direction. The domain is discretized using a 
block-structured mesh with 167,770 predominantly hexahedral cells distributed across 7 levels of refinement.  
  
Figure 2. a) RANS Computation domain. b) Mesh refinement in the boundary layer and in the wake of the airfoil. 
 
Incompressible 2-D RANS computation using the k-ω SST RANS turbulence model is performed using the 
Finite Volume solver OpenFOAM 3.0 [21] The discretization schemes used are second-order accurate in space and 
time. The flow is non-dimensionalized using airfoil chord length and free stream velocity. The streamline plot of 
the non-dimensional velocity field is shown in Figure 3. In order to take into account the jet deflection that is 
observed in the experiments the velocity boundary conditions at the inlet are extracted from a RANS computation 
performed on a larger domain including the airfoil, nozzle and the jet [20] A no-slip boundary condition on the 
airfoil surface and a pressure outlet boundary condition at the exit are prescribed. The turbulent kinetic energy (�) 
at the inlet is calculated from the turbulent intensity I=0.7%  provided as a fraction of the mean velocity as � ��� ������. The turbulent specific dissipation rate (�) is calculated via the mixing length ��~�� as �� � ��.����.����		 
where �� � 0.09 is a model constant. 
 
 
Figure 3. Flow streamlines around the CD airfoil computed using the � �� SST RANS turbulence model. 
 
The turbulent kinetic energy is localized close to the trailing-edge and in the wake of the airfoil. The RPM 
domain is therefore restricted to a rectangular box including the trailing-edge and the airfoil wake as shown in 
Figure 4. The RANS flow domain is rotated by the angle of attack � =  8� to align the flow streamlines in the wake 
with the x-Axis. This is done to facilitate the computation of space and time correlations along the streamline 
aligned with the x-Axis as shown in Figure 5.a.  
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Figure 4. Rotated RANS flow domain and outline of the RPM domain 
 
The RANS simulation results are further non-dimensionalized with the speed of sound �� 	� 	340	�/�	 for 
the stochastic source generation and the subsequent acoustic propagation that will be done in future. Henceforth, 
all the subsequent physical quantities presented in the paper should be considered to be non-dimensionalized with 
airfoil chord length and speed of sound. The RANS data including the mean flow, turbulent kinetic energy(k), 
integral length scales(ᴧ) and integral time scales(�) are mapped from the block-structured CFD mesh onto the 
uniform RPM grid using ParaView [22].  
 
IV. RESULTS 
Due to the stochastic nature of the method there is no definitive criteria for determining the simulation 
parameters. However, some preliminary best practice experience has been obtained for the application of RPM 
method to trailing-edge turbulence generation [14]. The choice of the simulation parameters for the stochastic 
method are listed in Table 1. 
 
Table 1. Choice of parameters for the stochastic method 
Simulation Parameters  Non-dimensional Value 
Uniform RPM Grid Spacing ���� 0.001 
No of Particles (�.) 120000 
Turbulence Energy Spectrum Gaussian  
Sampling Interval (���) 0.02125 
No of Samples (��) 10000 
 
The quality of the synthetic turbulence generated by the stochastic method is assessed by comparing the statistics 
of the reconstructed fluctuations with the RANS statistics. The results of the computed statistics with the choice 
of parameters as listed in Table 1. are presented in this section. The reconstructed turbulent kinetic energy is 
compared with the RANS turbulent kinetic energy in Figures 5 and 6. 
 
Figure 5. a) RANS turbulence kinetic energy with reference points on the x-Axis behind the trailing-edge. b) Reconstructed 
turbulent kinetic energy. 
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Figure 6. Reconstructed turbulent kinetic energy along the x-Axis behind the trailing-edge. 
 
The statistical properties of the synthetic turbulence are further assessed by comparing numerical two-point  
cross-correlations �����, �� �	 〈��́ ���, ���	��́ ���, ���〉 where �	 � |�� � ��| and  t� |�� � ��| with the analytical 
expressions. Assuming a model of the energy spectrum of turbulence it is possible to provide explicit expressions 
for the two-point cross-correlations �����, ��. For the Gaussian energy spectrum the numerical two-point cross-
correlations are compared with analytical expressions in Figure 7. 
 
 
Figure 7. Correlation in space along x-Axis about mid reference point 48455 in Figure 5.a. b) Time correlation of a point 
moving with the mean flow along the streamline aligned with the x-Axis with respect to the left reference point 48280 shown 
in Figure 5.a. 
 
From the plots it is concluded that the statistics of the reconstructed turbulence is in good agreement with the 
RANS statistics. The variance of the reconstructed fluctuations closely reproduces the target variance. Further 
the method is able to reproduce the two-point cross-correlations for the prescribed Gaussian energy spectrum and 
the exponential time correlation prescribed by the Langevin model. However due to the stochastic nature of the 
method the accuracy and computational cost of the method are determined by the choice of the parameters. The 
next step would be to do accomplish a parametric study to determine guidelines for the choice of the parameters 
for desired accuracy and minimum computational cost. 
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V. CONCLUSIONS 
This paper presents an application of a stochastic reconstruction method for trailing-edge turbulence 
generation. The Random Particle-Mesh method first introduced by Ewert et. al. is applied to reconstruct turbulent 
fluctuations close to the trailing-edge and in the wake of the well investigated controlled-diffusion (CD) airfoil. 
The quality of the synthetic turbulence generated by the method is assessed by comparing the variance of the 
reconstructed fluctuations with the target variance obtained from Reynolds-Averaged Navier-Stokes (RANS) 
computation. The variance of the reconstructed fluctuations is found to be in good agreement with the target
variance. Further the method is able to reproduce the two-point cross-correlations for the prescribed Gaussian 
energy spectrum and the exponential time correlation prescribed by the Langevin model. Due to the stochastic 
nature of the method, the choice of the simulation parameters viz grid size, number of particles, turbulence energy 
spectrum model, sampling time and number of samples has an impact on the statistics of the generated turbulence. 
In the final paper a parametric study of the effect of these parameters on the statistics of the reconstructed 
fluctuations and the computational cost will be presented. Future work will involve the comparison of two-point 
cross-correlation of the acoustic source term obtained stochastically with that obtained using LES simulations of 
a short span in 3D [19,20] . 
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